A mammalian tooth is abraded when a sliding contact between a particle and the tooth surface leads to an immediate loss of tooth tissue. Over time, these contacts can lead to wear serious enough to impair the oral processing of food. Both anatomical and physiological mechanisms have evolved in mammals to try to prevent wear, indicating its evolutionary importance, but it is still an established survival threat. Here we consider that many wear marks result from a cutting action whereby the contacting tip(s) of such wear particles acts akin to a tool tip. Recent theoretical developments show that it is possible to estimate the toughness of abraded materials via cutting tests. Here, we report experiments intended to establish the wear resistance of enamel in terms of its toughness and how friction varies. Imaging via atomic force microscopy (AFM) was used to assess the damage involved. Damage ranged from pure plastic deformation to fracture with and without lateral microcracks. Grooves cut with a Berkovich diamond were the most consistent, suggesting that the toughness of enamel in cutting is 244 J m
Introduction
The mouth of mammals is adapted to ingest food items and then fracture them repeatedly in order to reduce their particle sizes. The advantage of this oral processing, which is particularly important in species that feed on chemically protected plant tissue, is that the food surface increase provided by this comminution escalates the rate of nutrient liberation via enzymes later in the gut passage. This helps mammals to service their high metabolic rates [1] . It follows that anything that lowers the efficiency of the mouth in this endeavour has the potential to jeopardize the overall health and survival of an individual.
Very much included in such health threats is damage to the teeth via fractures at a wide variety of scales (figure 1a). Loss of tooth tissue is vital to avoid because the teeth of most mammals grow for a limited period and are not replaced in adults [2] [3] [4] . Circumstantial evidence from several mammalian species strongly suggests that the loss of critical features on the working surfaces of the teeth is deleterious to tooth function and to the overall health and survival of afflicted individuals [5] [6] [7] [8] [9] [10] . It is thus logical to suppose that natural selection has acted to minimize threats to the integrity of the working surface of a tooth.
Most fractures in the type of molar tooth crown found in modern humans and extinct hominins, i.e. one with a lowrelief on the working surface and in which the enamel is thick (termed a 'bunodont' crown), appear to start in the enamel (figure 1a). This is the tooth tissue that surfaces the crown in the mouth and makes critical contacts with food. The tissue consists of elongate crystals of hydroxyapatite, 40-70 nm in cross-sectional dimensions, which occupy more than 90% of the tissue volume. These crystals are clumped into long multi-crystalline cylinders called prisms or rods. Prisms, 3-5 mm wide, are separated from each other by a 100 nm gap containing a protein gel that also extends into the 1-2 nm gaps between crystals. The prisms run from close to the junction with the underlying dentine towards the enamel surface. However, in many mammals, their course is wavy. The path of neighbouring prisms is slightly out of phase with each other leading to a structure that looks as though prisms cross each other. This apparent interweaving is called 'decussation'. Simply put, the high crystal content of enamel provides it with stiffness and hardness, while the remnant protein fragments that survive into the mature tissue [12] , coupled with decussation [13] , give it toughness. Mechanisms by which this toughening is achieved are still being worked out, but the protein content is crucial [12] . Although enamel is classically thought to be incapable of repair, recent studies suggest that this is possible via movement of the protein gel into cracks so as to heal them [14, 15] . Figure 1a shows categories of fracture that may damage a bunodont molar tooth crown. A crack that runs from the outside working tooth surface towards the inside (i.e. towards the junction with dentine) can produce chipping, the crack being deflected back to the surface by decussation of the enamel prisms [13, 16] . Inside-to-outside (radial) cracks are very common in modern human teeth and can run straight to the surface [3] . Margin cracks, also common in humans in the form of 'abfractions', seem to result from contacts with soft foods that smother the crown. When forces build up sufficiently, margin cracks grow as a result of the internal hoop stresses generated by the dentine-pulp complex [17] . Both radial and margin cracks may actually initiate from preexisting faults in enamel called 'tufts'. These wavy strands are in-built flaws passing one-third of the way into the enamel in unerupted (unused) teeth [18] . Present in enormous numbers [19] , they form a 'forest' of pre-cracks that compete against each other to extend when forces increase. In the process, such competition acts to shield neighbouring tufts from extending through the enamel, so providing damage tolerance to the growth of large cracks [20] . Despite this, 'through cracks' called lamellae, which arise from extensions of tufts, are seen in the enamel of erupted teeth [21] , increasing with age, but not in the quantities that might be expected without some protective mechanism.
Possibly as a result of crack healing and fatigue tolerance provided by tufts, large-scale fractures are rare in teeth compared with the quantity of microscopic (abrasive) fractures that lead to wear. The working surfaces of teeth make thousands of contacts with ingested food particles every day [22] and the heavy wear that can result is common in mammalian teeth, particularly in plant-eaters like ungulates [23, 24] and hominins [25] [26] [27] [28] . Although plant foods are much less hard than enamel, these food items are generally not clean, being contaminated by a surface coating of dust or grit. The composition of this natural pollution is variable [29] , but soil derivatives are probably dominant. Much of the Earth's crust consists of silicates with a hardness exceeding that of enamel [30] . In certain conditions where the angularity or sharpness (to be defined later) of dust and grit particles is sufficient, contacts with a tooth surface can severely damage it at minute loads, essentially by cutting the enamel [31] .
This paper deals with wear-the smallest scale of damagewhich leaves a textural fabric on the surface of enamel that has been the subject of an enormous body of research [32] [33] [34] [35] [36] [37] [38] [39] [40] . The aim of most of it has been to document diet from an analysis of enamel surface texture [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Until recently, the mechanics underlying the cause of wear have been neglected [31, 51] . However, before continuing, it is worth noting that there must be protective mechanisms against tooth wear, just as there are for other types of fracture. An important source of protection is physiological. Evidence in the human from both isolated particle presentation tests [52, 53] and chewing experiments [54] show that minute hard particles can be detected between teeth at correspondingly tiny loads [55] [56] [57] . The neural centre in the brain that receives this information is also known [58] . This allows potentially abrasive mouthfuls to be quickly detected and discarded. Another line of defence is enamel toughness, because the higher the toughness, the sharper wear particles have to be before they become capable of abrasion [31] . rsfs.royalsocietypublishing.org Interface Focus 6: 20160008
A key issue here is shown in figure 1b where biological mineralized tissues such as bone and nacre are distinguished by low resistance to very small cracks [11] . Resistance increases until a plateau at around 0.5 mm crack length where toughness can be more than 10 times that of the smallest cracks. If these 'R curves' were found in tooth enamel, then its toughness would not defend it against abrasion because these wear events are very small scale. Potential wear particles themselves can be less than 100 mm in diameter. Features that typically form the basis of dental microwear analysis tend to fall in a size range of one to tens of micrometres in width, with the length of scratches being greater by perhaps an order of magnitude or so, with the depth generally unknown. A recent comprehensive survey of dental microwear in primates sampled tooth surfaces in rectangular areas, 276 Â 204 mm in dimensions, sufficient to reveal tens or hundreds of individual microwear features in each image [59] . At this scale, both bone and nacre would be abraded very rapidly. The key then to anticipating why enamel might behave differently to bone and nacre is to understand that the latter tissues are not exposed to abrasion. Bone is part of an endoskeleton, shielded from surface damage by the soft tissues that cover it. As such, fracture matters less to the integrity of its support than fragmentation-the physical separation of a bone (as an organ) into two parts. Thus, low resistance to microcracking is not so important to bone. Only one type of bone is mounted on the exterior of mammals, and that is antler, which is far tougher than other bone types particularly with respect to small cracks [60] .
Tooth enamel is a specialized remnant tissue of a vertebrate exoskeleton that only 'migrated' later in evolution to the mouth [61] . Teeth are exoskeletal elements and are by virtue of their function exposed to abrasion, i.e. to the loss of very small pieces of tissue from their working surfaces by correspondingly small cracks. Mollusc shell is also exoskeletal, but not all mollusc species suffer heavy abrasion. When they do, they tend to possess other structural variants rather than nacre on their shell surface. Even a homogeneous shell, often found in mollusc species that get heavily abraded, seems to perform better in tests than nacre, which is a tissue that is rarely exposed anyway [62] .
The basic aim of this paper is to establish the toughness of enamel at the scale of wear events. To do this, we employ cutting tests, arguing that, as did [31] , a sliding contact of a wear particle on a tooth surface that leads to immediate loss of tooth tissue is akin to a cutting event. The estimation of fracture toughness from cracks produced via static indentation is well established [63] and has been used to examine tooth enamel many times previously. These estimates are uniformly low because the crack tip takes its own course [64] . By contrast, crack paths during a cutting event are dictated by the invasive particle tip and thus toughness values relevant to cutting must be expected to differ from those in static tests.
A key advance in the theory of cutting has been the inclusion of a surface term in the form of toughness to account for the separation of material via fracture [65] . Since then, there has been considerable debate in recent years as to whether sliding contacts (scratching) tests can actually be used as a method to estimate the fracture toughness of both 'brittle' materials [66] [67] [68] and 'ductile' polymers [69, 70] . Theory shows clearly that the depth of the cut is a critical parameter [71] . At small enough depths, cutting with any particle geometry is liable just to move material plastically in the form of rubbing because of a brittle-ductile transition [72] . At larger depths, the angulation of the cutting tip becomes important. Assuming the particle to be rigid compared to the material being cut, then a deeper groove can displace material in one of two ways. A 'standing wave' may be created ahead of the particle tip via a process of plastic material displacement that we call 'prowing' here [31, 65] , often called 'ploughing' by others. Material builds on either side of the groove as ridges. Alternatively, a ribbon or chips of material are fractured away. The first possibility can be called 'rubbing' in contrast to the other, which is abrasion [65] . It needs to be shown that fracture has indeed taken place and that the cut does not just consist of displaced material [71, 73] . Complicating factors include the presence of microcracks on either side of the cut, which leads to a larger fracture surface than can be accounted for by the application of formulae restricted to cutting along the track of the blade. In addition, there is a need to 'subtract' friction. This is particularly important when conventional 'CoulombAmontons' estimates tend to show that the coefficient of friction varies with groove depth [71] . However, some theoretical approaches to abrasive wear have ignored such complications, leaning heavily on theory from static tests [74] , and these have recently been applied to dental abrasion studies [75] .
Here, we examine whether the behaviour of enamel in cutting tests accords with predictions from such cutting theory and whether a toughness estimate for the tissue can be established. Given the importance of an understanding of friction to cutting, we also make a preliminary investigation into the effect of plant polyphenolic compounds on abrasion. There is evidence that interaction between plant polyphenolics and the proline-rich proteins in saliva result in a significant decrease in lubrication and an increase in friction [76] . Friction is an extremely important perceived aspect of plant food texture [77, 78] . An increase in friction affects the ease of movement of food around the mouth [79] [80] [81] [82] and during swallowing [83] , and it is possible too that the polyphenolic-salivary interaction increases the potential for tooth wear [76] .
Material and methods
Longitudinal sections of a resin-embedded orangutan molar tooth, used in previous papers on this subject [31, 84] were employed here. The tests were made in mid-enamel, closer to the working surface than to the enamel-dentine junction. These surfaces have been characterized in terms of nanoindentation with a Berkovich indenter to depths of about 1 mm, and possess an average hardness of 5 GPa and an elastic modulus of 100 GPa [31] . The properties of enamel vary with scale [85] , so even smaller contact areas of this surface were scanned via tapping with bimodal nanomechanical spectroscopy. These showed that the modulus was broadly distributed around a mode of 75 GPa [86] . This is consistent with results on human teeth [85] . The tooth surface was re-polished between tests, which were variously conducted air dry, with a salivary coating or with saliva plus a 0.1 M solution of epigallocatechin gallate, a common polyphenolic standard.
Three types of cutting experiments were made on the enamel of this tooth. Each had in common that they employed a load cell capable for registering forces in two directions, the cutting force (F c ) and the transverse reaction force, also called the thrust (F t ), simultaneously. By applying Amontons/Coulomb analysis, friction is the ratio of the sliding force (F) divided by the normal force (N) on the rake face of the contacting tip where the coefficient of friction
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If the rake angle of the tip is a, then in cutting,
where a is measured from the vertical to the plane of the specimen.
(An alternative to the rake angle is the attack angle b, which is given in degrees by (90 þ a) [31] ). By measuring F c and F t at different depths of cut, we could estimate tanl. For the purpose of finding the toughness though, we first applied a friction correction factor [65]
where f the shear plane angle is given by
ð2:4Þ
The term Z ¼ R=t y t [87] includes R, the enamel toughness during cutting (in J m
22
), which we aimed to evaluate, while t y is the shear yield stress. The force F c to cut a groove of depth t [71] is
where d is the semi-point angle of the tip. By plotting F c /t versus t, it is possible to use equation (2.5) to estimate t y from the slope of the plot and the toughness R from the intercept. First though, the shear plane angle f must be estimated from iterating equations (2.3) and (2.4) because f depends on Z, a term involving both R and t y , so requiring the relevant plot of F c /t versus t to help determine the best-fit value of f via a process of minimizing F c [71] . Two of the experimental sets used a small purpose-built portable mechanical tester (figure 2a). Cutting was displacementcontrolled with a linear variable differential transformer (LVDT) accurate to +2 mm. The tester was fitted with a Nano 17 multiaxial load cell (ATI Industrial Automation, Apex, NC, USA) configured with high gain via a USB-2408 24-bit AD converter (Measurement Computing Corp., Norton, MA, USA). Cutting tracks were made along the side of the tooth crown, which could be 10 mm in length. One set of experiments was run with a tungsten carbide blade design (shown in figure 2c,d) fashioned after [70] , but differing via a small 228 included angle. In practice, contact was made at forces of 0.01 -0.2 N in these experiments. This meant that small asperities on the cutting tips, which were far sharper than the 10 mm tip radius shown in figure 2d, cut the grooves in the enamel. As a result of this, no calculations were made from these experiments. However, operated at high b (i.e. high 90 þ a) it was possible to try to detect groove depths associated with transitions between cutting tracks that involved either prowing or fracture. The second experiments employed the same tester fitted with a Vickers indenter, 4 mm in diameter, also made of tungsten rsfs.royalsocietypublishing.org Interface Focus 6: 20160008 carbide. Two of the faces were separated by a 10 mm line contact. In the experiments, the indenter was driven into the enamel with the line contact edge-on. In both the above experiments, the procedure was to advance the cutting tip towards the tooth section until a small force was registered indicating contact. The displacement was then recorded and the micrometer zeroed. The tip was then moved away from the specimen and down below the lower edge of the resin. The micrometer was then returned to the zero position and a small advance added to allow the tip to cut through the specimen when moved upwards (the position shown in figure 2e ). At the start of the experiment, cutting at 12 mm min 21 , the indenter tip passed first across a known length of embedding resin before entering the enamel. The micrometer that provided depth control had an accuracy of only +1 mm, but via trial and error, it was found possible to produce cutting tracks of submicrometre depth. In experiments where epigallocatechin gallate was added, half the test was run with a coating of (whole unstimulated) human saliva added to the face of the tooth via a 100 ml micropipette. The test was then stopped for about 5 s while 100 ml of epigallocatechin gallate was added. Within a further 2 s of that action, the test was restarted.
A third series of experiments was run on a Hysitron Ubi700 (Minneapolis, MN, USA) nanoindenter, equipped with a twoaxis load cell. The cutting tip was that of a Berkovich diamond with a tip sharpness of about 10 nm. The system of loading was equivalent to 'dead-weight' vertical loads (i.e. constant F t ) that were varied between 250 and 4000 mN. Experiments at each force were repeated once. The estimation of the cutting force, F c , was only available for horizontal displacements of 16 mm, so confining the length of cut to this limit. In the experiments, the Berkovich indenter was driven basically face-forwards into the enamel, with a slight deviation of 5-108, being unable to set to greater precision. The displacement at the start of the experiment was taken as the groove depth t.
Post-test surfaces were examined in an atomic force microscope set in tapping mode (Agilent 5500 atomic force microscopy (AFM), Santa Clara, CA, USA). Images of the Berkovich tests were taken post-test before and after washing with a jet of deionized water. Figure 3 shows several tracks imaged by AFM that were produced by the cutting tip shown in figure 2d. The type and extent of damage differed. The profile shows that track 2, which is the shallowest at 140 nm, has a clean path associated with prowing. Track 1, 180 nm deep, shows debris formation associated with abrasion, while track 3 (up to 650 nm deep) shows abrasion and lateral microcracking, causing lateral pitting up to 1 mm in depth. Nine such tracks were analysed. Below 180 nm, these tracks looked clear of debris. Between 180 and 400 nm, the tracks showed debris to the lateral sides of the groove. Deeper cuts than 400 nm showed lateral pitting beside the grooves, some of which were deeper than the grooves themselves (as in figure 3) .
Results
Experiments with the Berkovich tip in the nanoindenter under constant F t loads produced relatively stable displacements in most tests (figure 4). The cutting force F c was consistently lower than F t . A tendency for the enamel to fracture was increasingly evident above 1000 mN as indicated by abrupt drops in F c , e.g. the arrowed locations for F t of 4000 mN in figure 4. However, cross-comparison with imaging data before and after washing in figure 5 indicates that all grooves showed fracture, possibly within prowing fields.
Prowing was supported by the persistence of ridges besides the grooves after washing and also by the persistence of the final position of the prow itself at the end of the experimental run (expanded view at top right of figure 5 ).
For the Berkovich tests, the cutting force, normalized to cutting depth in line with equation (2.5) figure 6 , this leads to an overall estimate for t y and R of enamel in cutting as 1.48 GPa and 244 J m 22 , respectively.
Lastly, the effect of adding polyphenolics to saliva on the cutting of enamel was considered with the Vickers indenter (figure 7). Forces fluctuated, but via equation (2.2), we estimated that the frictional coefficient m ¼ 0.12 for enamel when covered with saliva against a tungsten carbide tip, rose on average to m ¼ 0.27 after the epigallocatechin gallate was added.
Discussion
Our analysis adds weight to the value of using cutting tests to investigate the toughness of materials. It is surprising, however, that an analysis with 'dead-weight' loading, i.e. one where F t is fixed and the displacement allowed to vary, proved tractable in this regard. It is probably only because the displacement was very stable (figure 5) that the results were so significant (figure 6). The value obtained for enamel toughness, at R ¼ 244 J m 22 , is surprisingly highmore than 20 times the value of R obtained from smallscale indentation fracture toughness tests. Assuming E ¼ 75 GPa [86] , then this equates to a K c of 4.66 MPa m 0.5 , which is a value achieved only occasionally in human rsfs.royalsocietypublishing.org Interface Focus 6: 20160008 encountered during abrasive wear when a cutting tip forces the crack to cross such obstacles. For the present tests, the extensive 'plastic' pile-up, as a result of prowing, about the scratches indicates that considerable plastic energy is also dissipated during cutting. In sum, the results here seem to indicate clearly that high toughness in enamel at very small scale helps to protect against abrasion. It is almost as if enamel has adapted to resist abrasion-induced cutting, i.e. it shows a reverse R-curve response, especially under highly constrained shear loading, thereby being better able to resist cracking than under tensile loading. This is very different behaviour to a tissue like bone. The estimate obtained here for the shear yield stress, at 1.48 GPa, also exceeds published estimates. For example, assuming the Tresca yield criterion, then a value of t y ¼ 0.83 GPa, i.e. one-sixth of the hardness obtained in nanoindentation tests [31] , would be expected. Similar estimates can be extrapolated from measurements of the compressive yield stress of human enamel at the same scale as our tests [88] . This suggests that our toughness estimate is also too high. However, it would in any case be far above that obtained from standard 'free-cracking' indentation tests. The sum effect for a mammal facing tooth wear is that the high toughness of enamel at this small scale slows the wear rate in that rubbing via blunt contacts requires multiple contacts to remove tissue while abrasion is immediate. Thus, the avoidance of abrasion prolongs tooth life.
Biologists and materials scientists have approached the mechanical behaviour of tooth tissues from very different perspectives. The former have tended to focus on tooth function and the factors that disturb this, such as tooth wear. By contrast, materials scientists seem to have been more concerned with how mineralized tissues as a whole, made from apparently unpromising structural components, succeed in surviving so long without falling apart. Damage control is where the two approaches should coincide, but often do not. The explanations for the difference between bone and enamel, from a biological perspective, relate to their performance as organs. A simple reflection of this is their variability. Bone tissue is, in any particular location in a healthy adult body, a very similar tissue in any mammalian species. By contrast, enamel is very variable, reflecting its need to adapt to diet [2] . It is highly likely that the value for toughness that we have established here will vary between species. The nature of the structural differences between species and how they coincide with diet is currently an open-ended question. There is a need to catalogue variation in the mechanical properties of enamel at different scales within mammalian taxa. Combining these variations with selection pressures, be these environmental, dietary or otherwise, that may have facilitated the functional optimization of the material could broaden understanding as to how enamel reacts evolutionarily to ensure its lifelong survival and efficient food processing.
Previously, it has been stated that the transition between rubbing and abrasion, clearly demonstrated in cutting of more malleable materials such as metals, and now with a satisfactory theoretical basis [65, 71] , does not apply to a crystalline composite such as enamel [89] . The data presented here suggest that it is possible to apply this analysis, even though both prowing and fracture may coexist. There will be a transition between almost completely plastic behaviour and that involving fracture (figure 3). We do not yet know how sharp this transition is-it may well depend on enamel orientation, for example-but we believe that these experiments help cement the need to include fracture mechanics and cutting when considering wear events in enamel and promote a departure from more simplistic models that tend to ignore these factors.
Many analyses of cutting assume that, all else being equal, groove depth (for which we may imply 'wear rate') is inversely proportional to hardness, or that wear resistance (the reciprocal of wear rate) is directly proportional to hardness [74] . This presumes that the force perpendicular to the surface, F t , is borne by the horizontal projection of the indenter area and the horizontal (cutting) force, F c , is endured by the vertical projection of the indentation. However, this extension of static indentation to translation needs to include fracture toughness to account for the cost of tissue loss: 'scratch hardness' and 'indentation hardness' are thus different phenomena [71] .
The importance of plant polyphenolic compounds, or tannins, in ecology is great since they are among the most common chemical defences of plants. Many of the proteins in enamel bind to them [90] , the resulting complex being precipitated. Our results at very small scale add to the general conclusion that this reaction increases friction against the enamel. Further research should help to establish if this increases enamel wear rates.
Our findings help elucidate the relationship between macroand microscopic wear. We demonstrate that not all microscopic rsfs.royalsocietypublishing.org Interface Focus 6: 20160008 marks on tooth surfaces are necessarily abrasive: enamel deformed plastically along the shallowest grooves produced by the tungsten carbide blade (in figure 3) , even though the blade was angulated and harder than enamel. It follows that particles like phytoliths, which are both softer and lower in modulus than enamel [84] , or that lack sufficient angulation, might also produce such rubbing marks [31] . The lower modulus may also lead to elastic blunting due to the strain prior to the yield point, but we calculate from published values of the hardness and modulus [84] that the strain at yield will be less than 4% and thus unlikely to change much about the contact geometry. Phytoliths are abundant in some plant tissues, so researchers must not assume that all marks on herbivore teeth are abrasive. Similar results were found with the Berkovich indenter, which has a lower attack angle than the blade: extensive prowing was observed, but microcracking within a prowing field was also observed. Groove depth emerges as an important variable in understanding the relationship between micro-and macroscopic wear. All other things being equal, deeper grooves are more likely to represent abrasive scratches than shallow grooves. A complication, of course, is that groove depth is also a function of the mechanical properties of the particles creating the grooves, and these may be quite variable. An interesting avenue of future research would be to determine whether or not groove shape can be used to discriminate rubbing versus abrasive marks that were formed on tooth surfaces during normal feeding behaviours.
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